Approximately 15 to 20% of hepatitis C virus (HCV)-positive individuals, an estimated 170 million people worldwide (48) , progress to chronic infections, of which approximately 20 to 30% manifest clinical liver disease (2, 21) . Long-term survival of human immunodeficiency virus (HIV)-positive individuals are also increasing the number of HIV/HCV-coinfected patients due to improved antiviral therapies for HIV (33) . Antiviral treatments for HCV are currently limited to alpha interferon and ribavirin, which have a maximum combined reported efficacy of ϳ40% of treated individuals (12, 29, 34) . The lack of vaccines or highly effective antiviral treatments is a major medical concern.
HCV (10) is a member of the genus Hepacivirus, within the family Flaviviridae, and is composed of six major genotypes (40) . Type 1 HCV, which comprises the major subtypes 1a and 1b, represents the most common genotype around the world (6) . The viral genome is a positive-stranded RNA (10) and has been shown to circulate as a quasispecies (28) , which is typical of many RNA viruses. A long open reading frame (ORF) is cotranslationally processed into the structural and nonstructural (NS) proteins by cellular signal peptidase or viral proteases (21) . NS3 encodes protease and helicase enzymatic activities, both of which have been proven to be essential to viral replication in vivo (26) . The 5Ј-and 3Ј-terminal untranslated regions (UTR) (25, 42) , which are required for replication and translation functions, flank the long ORF (9) . The structural proteins include the nucleocapsid or core (C), envelope 1 (E1), and envelope 2 (E2) glycoproteins. A hypervariable domain of 30 amino acids located at the NH terminus of E2 (HVR1) (23, 47) has been shown to encode virus-neutralizing antibodies (17, 38) and has been implicated in generating neutralization escape mutants (reviewed in reference 46) .
The prospect of developing HCV vaccines has been vigorously debated. The lack of strong natural immunity in humans and chimpanzees (14, 35) , the only reproducible animal model for HCV infection (1, 4, 41) , has been cited as evidence against successful vaccines (16) . Despite this concern, studies in chimpanzees have demonstrated that animals can develop immunity to an isolate-specific challenge (8) . The variability of the viral genome, especially in the envelope proteins, raises questions as to the host's ability to mount an adequate cross-protective immune response. We investigated the ability of a chimpanzee to develop immunity to both homologous and heterologous type 1 HCV rechallenges using intrahepatic genetic inoculation (IHGI) of HCV RNA. These results indicate for the first time that protection from both homologous and heterologous HCV challenge can be achieved.
MATERIALS AND METHODS
Molecular clones of HCV. RNA extracted from plasma obtained from three different chimpanzees infected with HCV-1 was converted into cDNA and subjected to reverse transcription (RT)-PCR essentially as described by Yanagi et al. (50) . The predicted amino acid sequence from the consensus nucleotide sequence of approximately 6.5 genomes corresponded exactly with the published HCV-1 sequence (9) with one exception (valine to glycine substitution at amino acid 2021). pHCV-4PC (Fig. 1B) was generated by recloning pTMHCV-3 (13) (Fig. 1A) , a chimeric cDNA clone containing a nonconsensus HCV-1 (1a) 5ЈUTR through NS5B and a 1b 3ЈUTR, into a pUC19 plasmid backbone and using site-directed mutagenesis to create a consensus coding region. Amino acids 1236-Lys and 1237-Ser were converted to Ala in order to mutate the GKS motif (45) of the NS3 helicase domain in HCV-4PCmh (Fig. 1C) . HCV-4PC was also modified to contain the authentic HCV-1 3ЈUTR and consensus 5ЈUTR using overlapping synthetic oligonucleotides, generating a full-length HCV-1 (1a) genome (Fig. 1D) . Two versions of each construct were made so that the extreme 3Ј terminus would either be exactly as expected in the genome due to cleavage by the hepatitis D virus ribozyme (49) (Fig. 1) or have a 4-nucleotide overhang after digestion by XbaI. All clones contained the T7 polymerase promoter immediately upstream from the 5ЈUTR to facilitate synthesis of HCV RNA with the exact 5Ј terminus of the genome by in vitro transcription of XbaI-linearized plasmid DNA.
Intrahepatic inoculation of HCV RNA. Equal amounts of RNA transcribed from either the delta ribozyme/XbaI or XbaI-only templates described in Fig. 1 were each injected directly into three sites in the liver of a chimpanzee (4X0202) by ultrasound-guided procedures described by Yanagi et al. (50) . Intrahepatic inoculation of a total of ϳ1 mg of RNA was performed according to the schedule indicated by arrows in Fig. 2 .
RT-PCR assays. RNA was extracted from plasma using the Qiagen viral extraction kit and from liver using the RNeasy kit (Qiagen). Taqman quantitative RT-PCR was performed exactly as described by Pileri et al. (32) using primers from the 5ЈUTR. The maximum sensitivity of the assay was seven copies of HCV, based on the fluorescent signal after RT-PCR on RNA extracted from serial dilutions of an HCV-containing plasma quantitated by Quantiplex 2.0 bDNA (Bayer) assay. A sensitivity of Յ30 copies/ml was achieved by concentrating RNA from 1 ml of plasma on Qiagen columns. Only samples that were negative in the standard 100-l assay were subjected to 1-ml extraction followed by RT-PCR. Semiquantitative RT-PCR was performed according to Choo et al. (8) . Approximately Ն1,000, 500, 250, and 50 molecules of HCV correspond to scores of 4ϩ, 3ϩ, 2ϩ, and 1ϩ, respectively.
Chimpanzees. Chimpanzees (Pan troglodytes) housed at the Southwest Foundation for Biomedical Research (SFBR; San Antonio, Tex.). Chimpanzee 4X0202 had fluctuating alanine aminotransferase (ALT) values prior to challenge with HCV RNA, which is not uncommon in chimpanzees, compromising the interpretation of these values. ALT values did not correlate with HCV RNA levels in this animal. Chimpanzee L497 resolved a previous HCV infection prior to being inoculated with acute-phase plasma from 4X0202. , and NS5b (aa 2396 to 3011) of HCV-1a as well as wild-type VV (VVwt) have been described previously (11) .
Cell lines and cellular assays. The B-lymphoblastoid cell line (B-LCL) line was derived using supernatants from the Epstein-Barr virus producer cell line B95-8. Peripheral blood mononuclear cells (PBMC) purified by centrifugation over a Ficoll-Hypaque gradient were directly entered at 2 ϫ 10 5 per well into a standard lymphoproliferation assay as described (20) or cultured at 5 ϫ 10 6 cells per well in the presence of 10 6 psoralen-treated, rVV-infected autologous BLCLs in 2 ml of RPMI 1640 culture medium containing 10% heat-inactivated fetal bovine serum and 1% antibiotics and supplemented with 5% interleukin-2-containing supernatant (T-STIM without phytohemagglutinin [PHA]; Collaborative Biomedical Products, Bedford, Mass.) and 50 U of recombinant interleukin-2 (IL-2) per ml (Chiron). Cultures were fed every 3 to 4 days. After 8 to 12 days in culture, CD8 ϩ T cells were purified using anti-CD8 antibodies bound to magnetic beads (Dynal, Oslo, Norway) according to the manufacturer's specification. Purified CD8 ϩ cells (Ͼ94% pure as determined by flow cytometry) were cultured for another 2 to 3 days prior to being assayed for cytotoxic activity against a panel of VV-infected autologous B-LCLs by standard 51 Cr release assay as described (11) . Briefly, B-LCLs were infected at a multiplicity of infection of 10:1 with rVV expressing HCV antigens or VVwt for 1 h, washed, and cultured overnight prior to labeling with 51 Cr. CD8 ϩ cells were plated in duplicate at three different effector-to-target cell (E:T) ratios (40:1, 13:1, and 4:1) and incubated with target cells for 4 h in the presence of 2 ϫ 10 5 unlabeled target cells per well.
Intrahepatic lymphocytes were prepared as described (11) and restimulated in vitro in the presence of 2 ϫ 10 6 irradiated human feeder cells, IL-2 (50 U/ml), 5% IL-2-containing supernatant, and PHA (1 g/ml). After the cultures reached a cell number sufficient to allow testing, CD8 ϩ and CD8 Ϫ (CD4 ϩ ) T cells were isolated using anti-CD8 antibodies bound to magnetic beads. CD8
ϩ T cells were HCV antibody assays. Serum levels of antibodies against structural and nonstructural HCV proteins were quantified by enzyme-linked immunosorbent assay (ELISA) as described (7) . HVR 1 ELISA plates were prepared by binding 1 g of biotinylated peptide (HCV-1, ETHVTGGSAGHTVSGFVSLLAPGAKQN; H77, ETHVTGGNAGRTTAGLVGLLTPGAKQN or ETHVTGGSAGRTTA GLVGLLTPGAKQN) to a steptavidin-coated high-binding Costar 96-well plate, washing with distilled water followed by coat buffer (0.0525 M Na 2 HPO 4 , 0.175 M KH 2 PO 4 , 0.075 M NaCl), and stored dry at Ϫ20°C. Serial dilutions of chimpanzee plasma containing 1 g of CHO cell lysate per ml were incubated with peptide-coated plates for 1 h at 37°C, washed five times with wash buffer (1 ϫ phosphate-buffered saline, 1% bovine serum albumin, 0.02% NaN 3 ), and reacted with goat antiimmunoglobulin G (heavy and light chain)-peroxidase, F(abЈ)2 for an additional 1 h at 37°C. After washing five times with wash buffer, the plate was developed with o-phenylenediamine dihydrochloride at room temperature for 30 min. The reaction was stopped with 4 N sulfuric acid and read in a spectrophotometer at 492 and 620 nm. The cutoff was determined as described (7).
IFN assays. Levels of alpha interferon (IFN-␣), IFN-␤, and IFN-␥ present at various time points in the chimpanzee plasma were determined by specific ELISAs (BioSource, Camarillo, Calif.) according to the manufacturer's recommendations. Due to sample dilution, the sensitivity of these assays was 40 pg/ml, 5 IU/ml, and 40 pg/ml, respectively.
RESULTS
Intrahepatic inoculation of molecular clones of HCV induce protection against a homologous RNA rechallenge in a chimpanzee. Three molecular clones were assessed for infectivity and the ability to induce immunity to HCV infection in chimpanzee 4X0202 after intrahepatic inoculation of RNA (24, 50) transcribed from the templates shown in Fig. 1B to D. Following challenge with HCV-4PC, a chimeric clone composed of type 1a 5ЈUTR through the stop codon of the long ORF and a type 1b 3ЈUTR, an approximately 50-fold increase in HCV   FIG. 2 . HCV RNA in challenged chimpanzees and histology in 4X0202. HCV RNA copy number was measured by Taqman RT-PCR from week Ϫ8 to ϩ104 in chimpanzee (Ch) 4X0202, who was given intrahepatic genetic inoculations of HCV-4PC, HCV-4PCmh, and HCV-1PC as indicated (arrows in A). The i.v. challenge of heterologous viral inocula (100 CID 50 ) was performed on weeks 78 (H77, 1a) and 92 (HC-J4, 1b). RNA extracted from liver was also tested by PCR on weeks 33, 85, and 97. Light (LM) and electron microscopic (EM) analysis of liver biopsy tissue was scored positive or negative for histological abnormalities typical of viral hepatitis, as indicated. Semiquantitative RT-PCR was performed on two naive control animals, L445 and L561, who were inoculated IV with 100 CID 50 of H77. Scores of 4ϩ, 3ϩ, 2ϩ, and 1ϩ represent approximately Ն1,000, 500, 250, and 50 copies of HCV RNA, respectively, in the semiquantitative RT-PCR assay (8).
RNA was observed over the first 3 weeks postchallenge. The animal remained PCR positive until week 6 ( Fig. 2A) , at which time hallmarks of HCV infection, including mild inflamation and ultrastructural changes in hepatocytes (5, 22, 37) , were identified by light microscopy and electron microscopy. Pooled plasma from weeks 3 and 4 postinoculation transmitted HCV to a second animal (L497) following intravenous (i.v.) challenge, further proving that replicating HCV-4PC RNA was packaged into infectious virus particles (data not shown).
To prove that the RNA detected 1 to 6 weeks postchallenge was not due to the initial inoculum, the equivalent amount of RNA from a putative defective genome, which had mutations in an essential motif in the helicase domain of NS3 (HCV4PCmh; Fig. 1C) , was introduced by IHGI into 4X0202. Since RNA was not detected up to 8 weeks postchallenge, only replication of the HCV-4PC genome could account for the PCR-positive signal recorded after challenge. To our surprise, the subsequent IHGI of RNA from either the putative infectious HCV-1PC or the proven infectious HCV-4PC clone also failed to replicate to detectable levels in 4X0202. (Note: the HCV-1PC clone was verified by DNA sequencing, and expression of HCV proteins was confirmed in both a vaccinia virus and a defective adenovirus infection-transfection expression system [data not shown].) The data clearly demonstrate that although the animal had been infected with HCV-4PC 63 weeks earlier, he developed protective immunity to a homologous RNA rechallenge.
IHGI of infectious and noninfectious HCV RNA protects a chimpanzee against a heterologous i.v. viral rechallenge.
To test whether 4X0202 could be protected from developing a productive infection after inoculation with heterologous viruses, the same animal was sequentially challenged with 100 50% chimpanzee infective doses (CID 50 ) of H77 (18) (gift of Robert Purcell, National Institutes of Health [NIH] ) and the same dose of HC-J4 (31) (gift of Jens Bukh and Robert Purcell, NIH) (Fig. 2) by i.v. inoculation. HCV RNA was not detected in 100 l of plasma up to 8 weeks postinoculation with H77 (type 1a). In contrast, five control animals who were inoculated i.v. with only 64 CID 50 of H77 were PCR positive for a minimum of 25 weeks postchallenge (15, 17) , and two control animals (L445 and L561) who received 100 CID 50 of H77 i.v. were PCR positive for 20 and 48 weeks, respectively (Fig. 2B) . To improve the sensitivity of the RT-PCR assay from 500 to Յ30 copies/ml, 1 ml of plasma was concentrated on a column (Qiagen viral extraction kit) and reassayed. Under these conditions, 4X0202 had low but detectable HCV RNA in plasma on weeks 1 and 2 post-H77 challenge and became PCR negative during the following 11 weeks. Challenge with 100 CID 50 of HC-J4 resulted in a detectable viremia 1 week postchallenge (3 ϫ 10 3 copies/ml), which disappeared by the second week postchallenge. The plasma remained PCR negative for the following 3 months (Fig. 2A) In contrast, a naive animal that received a 10-fold higher dose of HC-J4 developed a chronic HCV infection (J. Bukh, personal communication). RNA extracted from liver biopsies taken either on week 7 post-H77 challenge or week 5 post-HC-J4 challenge were PCR negative. The data indicated that chimpanzee 4X0202 was protected from a productive infection after challenge by both type 1a and 1b inocula.
Immune responses in chimpanzee 4X0202. Initial IHGI with HCV-4PC elicited strong CD4 ϩ T-cell responses in the periphery against the nonstructural HCV genes NS3/4 and NS5 on weeks 6 and 8 postchallenge. These responses declined rapidly but were boosted by the second IHGI of HCV-4PC at week 63 (Fig. 3A) . A weak CD4 ϩ T-cell response against NS3/4 was observed at week 78 in the PBMC after challenge with H77. In the liver, HCV-specific CD4 ϩ responses were only detected for NS3/4 6 weeks following IHGI with HCV-4PC (Fig. 3B) and HCV-4PCmh (week 26; not shown). These data indicated that the molecular clones were correctly translated. No CD4 ϩ responses were detected in either the PBMC or the intrahepatic lymphocytes against core or E1-E2 (Fig. 3A and B) .
Using bulk cytotoxic T-lymphocyte (CTL) assays, HCV-specific CD8
ϩ CTLs against E2-NS3 were detected in the PBMC but not in the liver 6 weeks postchallenge (Fig. 3A and B) . However, since the bulk CTL assay is relatively insensitive, we cloned intrahepatic lymphocytes from the week 6 liver biopsy by limiting dilution and found that 40% (53 of 133) of the CD8 ϩ T-cell receptor alphabeta-positive T-cell clones established were HCV specific. (Nine clones were specific for core, nine for E1-E2, 24 for E2/NS3/NS4, eight for NS3/NS4, two for NS5A, and one for NS5B [data not shown].) Our data are consistent with a previous report showing a multispecific CD8 ϩ CTL response in the liver of chimpanzees with an acute HCV infection (11) . NS5A-and NS5B-specific CD8 ϩ CTL were identified in the PBMC and liver, respectively, on the date of challenge with the homologous virus, HCV-4PC RNA, at week 63 ( Fig. 3A and B) . Interestingly, the magnitude of the CD4 response decreased rather than increased after each subsequent challenge, and the breadth of the CD8 responses in the PBMC and liver became more restricted after rechallenge with HCV-4PC RNA. The cause of these observed changes in the cellular response after multiple challenges with genomic RNA is not understood and deserves further investigation. Unfortunately, since only bulk CTL assays were performed on the date of the H77 challenge and 2 weeks postchallenge, we cannot be certain whether HCV-specific CTLs were present in the PBMC or liver.
The humoral response to nonstructural proteins NS3 and NS4 appeared 7 weeks after the first challenge with HCV-4PC, as expected (Fig. 3C) , while anti-NS5 antibodies were initially detected at week 38 after IHGI of HCV-1PC RNA. Seroconversion to the structural proteins (C, E2, and E1-E2) was also delayed until week 38 and was also detected after subsequent challenges with HCV-4PC RNA and H77 (Fig. 3D) . A poor humoral response to structural region proteins of HCV is typical for chimpanzees (3, 8, 44) . The appearance of antibodies within 1 to 2 weeks after each rechallenge are indicative of anamnestic responses and were observed for all of the antigens tested ( Fig. 3C and D) .
Humoral response to HVR1. Although 4X0202 was immune competent, as evidenced by the humoral response to both structural and nonstructural proteins (Fig. 3C and D) , no anti-HCV-1 HVR1 antibodies were observed after repeated challenges with HCV-1PC, -4PC, or -4PCmh, all of which encode the HCV-1 HVR1. In contrast, antibodies against the predominant H77 HVR1 variant (384-ETHVTGGNAGRTTAGLVGLLTPGA KQN-410 [17] ) were detected 1 week post-i.v. challenge with H77 plasma and lasted 8 weeks (solid black line in Fig. 3D ). Anti-H77 HVR1 antibodies against the second most common variant (S substituted for N), which occurs approximately 10-fold less frequently in H77 (17, 30) , were also detected from weeks 1 to 5 post-H77 challenge (broken black line in Fig. 3D ).
Induction of IFN-␣ correlates with protection.
We were interested to know whether the rapidly aborted infection in 4X0202 after challenge with 100 CID 50 of H77 could also be associated with production of IFNs. No detectable levels of IFN-␤ or -␥ were detected in the plasma of animal 4X0202 by specific ELISA at any of the time points tested (data not shown). In contrast, levels of IFN-␣ could easily be detected in the plasma 2 to 3 weeks after each challenge except for the mutated genome, HCV-4PCmh (Fig. 4) . These data suggest that HCV-1PC (week 48) and HCV-4PC (week 63) replicated following IHGI, although there were no detectable HCV RNA in the plasma in an assay which could detect Յ30 copies of HCV RNA per ml. The rapid induction of IFN-␣ correlated with clearance of virus in this animal after both homologous (HCV-4PC) challenge at week 63 and heterologous (H77) challenge at week 78 (Fig. 2) , but not after the initial IHGI of HCV-4PC at week 0 ( Fig. 2 and 4) .
DISCUSSION
Concerns about the ability to induce an effective immune response to HCV infection have largely been based on studies showing that naturally infected humans and experimentally infected chimpanzees can be reinfected by subsequent exposure to closely related HCV and that the genetic fluidity of the genome, particularly in the envelope proteins, could be problematic for cross-protection from heterologous viruses. Although neither the humoral immune responses to the HCV structural proteins nor the cellular immune responses were characterized in any of these earlier studies, viremia could be detected in chimpanzees for several weeks after challenge with either homologous or heterologous viruses (14, 35) . Similarly, cases of humans with multiple episodes of acute viremia after repeated exposure through transfusion (27) or i.v. drug use (36) have been documented. These data were interpreted to mean that individuals developed weak ϩ and CD8 ϩ cell-mediated T-cell responses in the periphery (A) and in the liver (B) were assayed as described in Materials and Methods. CD8
ϩ responses tested against a panel of VV-infected autologous B-LCLs were scored positive when percent specific lysis at the two highest E:T ratios were greater than or equal to the percent lysis of VVwt-infected targets plus 10 (see text for specifics). HCV-specific CD8 ϩ CTL clones were isolated from liver at week 6 (૽). CD4 ϩ responses were tested against the following recombinant HCV 1a proteins: C22-3 (core; blue), E1-E2 (orange), C200 (NS3/4; purple), and NS5 (green) immunity at best to HCV. Although it is difficult to directly compare our results with historical data due to the differences in protocols and assays, the data in Fig. 2 clearly demonstrate that a chimpanzee who had resolved a previous HCV infection developed immunity when rechallenged with the identical genomic RNA (HCV-4PC). This animal had essentially been boosted four times by IHGI of HCV genomes (HCV-4PC, HCV-4PCmh, and HCV-1PC), all of which encode identical HCV-1 proteins (Fig.  1B to D) . The presence or absence of IFN-␣ (Fig. 4) , which is known to be induced by the replication of RNA viruses with double-stranded RNA replicative intermediates, including HCV (19, 39), suggested that a subdetectable level of replication most likely did occur after IHGI of all the genomes except the NS3 helicase mutant (HCV-4PCmh), in which the GKS motif (45) was crippled. In addition, the anamnestic humoral and cellular immune response indicated that the HCV proteins were translated after each challenge independent of their ability to replicate. The IHGI of genomic RNA may have some of the characteristics of attenuated viral vaccines. Since the fitness of the HCV-4PC genome is not known, the relatively low level and brief duration of viremia observed in the acute infection of 4X202 might have been due to the chimeric nature of the genome. We speculate that injection of HCV RNA directly into the liver may transfect cells (e.g., Kupffer cells) which may not be infected by virus, and thereby HCV antigens may be presented to the immune system by a pathway not typically used by the host when infected by virus. Whether the route of infection was influential in establishing immunity will require further experiments in an animal model. Importantly, chimpanzee 4X202 developed protective immunity to both heterologous type 1a (H77) and type 1b (HC-J4) viral challenge after IHGI of HCV RNA encoding HCV-1 (1a) proteins. Protection from the H77 inoculum was observed approximately 1.5 years after resolution of acute viremia ( Fig. 2A) . Employing ultrasensitive RT-PCR techniques capable of detecting Յ30 copies/ml, an extremely weak viremia was observed for 2 weeks after challenge with H77, compared to six control animals who had viremia for more than 25 weeks and one animal who was PCR positive for 4 months postchallenge. Similarly, the animal challenged with the 1b inoculum was PCR positive for only 1 week postchallenge. The absence of HCV RNA in the liver of both animals 1 to 2 months postchallenge further confirmed the lack of productive infection in this animal.
The humoral and cellular immune responses measured in this study do not definitively point to a single mechanism by which 4X0202 developed protective immunity. New assays such as virusneutralizing antibody assays and new animal models will be needed to gain a more comprehensive understanding of how protection from chronic HCV infection is established and maintained. Based on the data obtained in this study, the immunity seen in 4X0202 was most likely due to the cellular immune response, which included a multispecific CD4 ϩ response in the PBMC and the presence of HCV-specific CD8
ϩ CTLs in the liver and PBMC at the time of challenge, with a possible contribution of anti-E1-E2 antibodies. The most notable immune response after rechallenge with whole virus (H77) was the unusually rapid seroconversion to anti-HVR1 antibodies 1 week postchallenge. These data suggest an active T-helper response and are striking, since no anti-HCV-1 HVR1 antibodies were ever detected after IHGI. The ability of anti-H77 HVR1 S variant-specific antibodies to neutralize H77 virus and prevent infection in one chimpanzee has been demonstrated previously by Farci et al. (17) . In addition, a correlation between anti-HVR1 antibodies 40 to 60 days postchallenge and resolution of acute HCV infection has been reported previously in chimpanzees (43) ; however, the cellular immune response was not characterized in this study. We cannot exclude the possibility that an H77-specific CD8 ϩ CTL response which was undetectable in the relatively insensitive bulk CTL assay may also have contributed to the control of viremia. The rapid clearance of HC-J4 will require future studies, as the immune responses were not determined.
Interestingly, the rapid induction of IFN-␣ after i.v. H77 challenge also correlated with viral clearance. It is unlikely that IFN-␣ alone could account for viral clearance, since the level of IFN-␣ was only twofold greater after challenge with H77 relative to the amount measured after the initial IHGI of HCV-4PC, in which the animal developed an acute infection. Based on data from the single animal was used in this study, it appears that the humoral and cellular arms of the immune system in concert with IFN-␣ may have generated protective immunity against a heterologous challenge in this animal. These data also provide evidence, for the first time, to support the concept that a vaccine in conjunction with antiviral therapies such as IFN-␣ and/or other immune modulators has considerable potential.
